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PiRI; ACE

lI h I repor!t des.r ihvs ai oi 'earch program to rI nvo-r 1zttv

Ci." fea- illt 'A tl ppl 'wlic;t on of a t.dmn (I.

tv i - dii frirw C~dL fOr'-tt- .PreJic tion of proj .-clic pi. I

cti t I I ol Int~t k rt"I 7 "cdr. It %,a cond~ucted for th' I

1 t, mee I A. F W'I.' (pe r iment .t.it ion (WES) *,v I aI r

v \ c~ an I t' r hto , y . Inc. (CP 1 , cr ()rif i v, t I IA

4 -C -0i 7 is 1,t gr.a'1ai ';,ons ored Iiy tht k
Vv;r Iar Agency ( 11.A ) undt r , jhtas~k SB12O1, Work !it i I

ran! T Sapport Std ii-cI o of t, ro md Shock Propagat ion

! tir h ,-;oil , and ,' V'

pri ac iplIIv re.! igutor ,it Ck* %a.- N1. 11. hagnL'r

hn 'aIa!V IC( JnJ LI I! In, V wert, , )ntr ibtited I)% k

n h-t ih~en W. -. .rt j prfurrit J tht co-mputur III g rari

~ ( "'co v det 1 ol-ient wo . k.. 1 u ton ;t.d G. !.. . g ur

.~illauat it' ,i-; -ince in formulat ion of the rter ia

I~.A .anrd datai rudut~t iost, and In the coriputur prodact ti

Thti penetrcitor specif icati iO.n, site' profile, anrd T'ate-

r ial ir icrt t#:v' were pro idl d hv' WiiS.

Tht Co6ntract ing Otfi cr Reprv-;entat ive was D~. V.

!0 1 I e r (%f h 1 S. 'ifte co'nt rAc a monitored and cor'rdinated

%,~ !h Ii overal II I'A penutura ion progrAM LIAter LAA SuMt 34

4,_;11 ; L t;i:t 01~, "Contrac t Support Stud jes of Pro oct ~il
Icnt nat ior. an!I Impact". B...Ireithaupt was the' Contr.ac t

i ng' ~f t' c c:inA Co I. G . 11. H1ilIt was, the Director of V

klurini: this contract ive't igationa.



~~i . .. . .l .% . .

1- *

ih

-'~ j' " o . . . . . . .. . 14

-X .. .. ..J

ti f f*, H, I

*....................Is,

I;. , r \ t., i t i,,t >U.

. . . . . 36
.. . .X .IV .i) i#:H M ) I.!)H

V ~ ''J "I- ' J\,', Ct~ %$)tl 9 " l !!I t, '.t

................................

fml * [I L n' It¢: ;I; )

...............

~: ±. vt;, ;r U V , * ', Pp t/p\



A m rt a i i~ I I

ve vv tJ t o i to r.t.t *:,t ~it : t i !, reI t rition

111 v "! 6i tn -,. 1 1,. Ov I w 'f u iafrvlat ioni about

ct rtjsin -pt , T 1j1 -t t i:;. ,ut in :e ti.,r alI , t'xy are re-

.t Ii z t!~ i th.. i r t i I ai ' vit I i ;, to, t Ypl . of' target

'w i in,! t !it ir pL vi; rt I -0t '"'ia, cmJ.a a ! tbcj yield

t a , if '0 it t 1w i - I );,It I t 1 111 t: thi t

r 'c! I Ic

l'I- ji tC .1 i 1 r~ a a~ 1 ~t JoB J., j. .Ve t b.e po tenrlt ii I

f, r )Vr.C''.~~~t Za " 0 f ii rt, IanaIyt icaI or sen. i -

a. 1ht, dv!,rit iwctuani -n of targect re~p~ln e and of

ir f L- t a ~i v t rn~tcric tiora. cain be ez*pI icitly

i nc or p<r it t.J i nt o t he an 1vs i.

K ~ ~ 1 Cc r f~ Ic ; ~ e ft target i-wdia (at actual
o~r rcprf,-ertat ive s it ev) cain he incorpora ted into

c i he anal v'- i.s, kc .. i~ c 'J t irne hi sil c, of 1 the

orce di,,t I ia'ut ia 'tA i td, to thfu ;rojecti le sur-
ticc iaj t Oa' Tqit a' raact t it. thceleration,
I.vuc i tv , arid p ~t i )n, add(: thew ,It ess J is tri -

tarit ion anid defcormati )ns withii: flat project ile and

its iaita rnl cernponeit-s.

In the re'latdJ ir( j or ar';or penct rat ion, f inite- dif -
f,-r''nce tianrir i4a lkI 11i~v- ha qa iieeen wsed, beginning in



lipL I !). 1 t LTtTu ''. a t- lt ft-~ttijl

'~tth.: :.a;k a.. : * v ItI ;a.;r tN ati .inranct Ionrs.

~~~~ t IN .~ ~. . A l,~ ra.! tilet' ta t A .pt

t' n! i in 0 ' I' f t , .at i'on t J T' ito

taut i Aun: ':A,,v! ;av W , N AtVIV In WA ,~ ii a1tA it .greemetai~t i tit

par 'ly" n .*t .1 vA;t: Att ra A,, I'it~ problum'.

I i [A * rt AkLA cu Ar rrea Tb v!'p t'' ( Omputvr t tImes

it *0 'A 1*0' I:a in y I-I t! 0' a WIThe farge?

I~~~ Ov ' rrAv a f ar~Cif have' teen to ex-

Pov u anad n-,* f x 'a: tA' ra tiasl ;rlrtLt : m aiprj ifg

;) ~ ~ ~ W IT Ita o t*a ~ fn, ti~ ta 'qaJt A ' t 'tQ'

riotat; a po., I I" Ana ks - ta t i t I iii

Noa - .''rk whi iva ,u firimarir arr atd vtsa 'rn tile

Onacai n i m v ; '4 'Ta i"'a t i~ it jnu t' nlanalvfair

tor? A ka'l' It . the .appt tA t t r-a in !h v1 pro' [ echA l t as a

a ~ & b:1 IvLJT iiAt, F W I'L' fv v ~ J it AQ ;a~ i a i - t cat' 1  ;a't ftta! ion

W; . u'' w~a' tat " j? ala 'e'J ur an; t Is r.'.aN . rf, in '-

A n kT ! I NA t t~' Tt virit ALqn u t! , ru'' ; a t jai%. i Iut r,' f irst ana-

Ixv th- -''tcrv ' ABA't Ia-trartaAu ii,WAciattd with: 'ent'tra-

f la ' 1 LA'' ;ArEiqi ilv c. fue;., it Jr , red, to s". aitely

an at ze Th rey;'ut ot the prat'an tile itst:iI.



_AP1-WA0

-A r r )v- vn t I t u" h lt, t d c I .11it I vl(e! rat Ion pro-
1" 1; f.+' : _j' *+).Il I-I I t C- o t- I ut' t+.,t th+ f it, w rm ,

'I ~ ~ Ii: I on.i S tei fir iI I~ I~ 1) 1 7.1C

gl ,) i r ',i . ', i, * ,, +.. the h.+,+ n,+ '. i . tcchnijlU , +

' c iit~ ' tit I * t j t r v Lt ur.n u

t e hii m~rra l ' wii c;iv 1- 1 onI. t C C ;! hni (it,

i 4 t v ,! 0n * n a;,i v- oft !t, ri v mr.,,vct i, im it' . on werc
pt r f nrm,. 1. [I it f : t , th, !w ': ' v f, I t -. a Te,.: as An

,.l~~~~~i<. + : . ~~~~~ p,.)- ,- " ,. ,r v ) , l', ,, i + ' ', , , . -n-e of

ttit i'' ti I 11L *I t; J, -i +rr,. i on o tit, T rg~ : lir um ur -

i I cit ra.! it+" W,. T'L N, :t., t -J A , A fig I C. , ,n +' 1 c 1 C 0 I m..

l. h) o- !I t to:n , .- rt %v'o,. f:i i I it i .. b: I+ ,( l~ r

tratif n i . .t.! tu n. I c.,t v l t ' , ,t l l) 1,7;h ed I .d

tn !o ar eart .

In the ,-,.co id adria I y i t it, o i rcs|p nc and con'-equent

force: .I. t Ing on" t t 1) r, i I u ,-re co"qput(,d ;is before t: sing

th- rcgmtlar e ! a -t ic :i *c p. riit l,at ion of the WA\E-I1 code,

but the proj. t i I s(z t 1 - TU'i<d tO 11L a rigi'd 'h-,:J'.

In t.vp)i i I .i rth on.'trir a i i rl e ri o f imt t r'st, t.ht- ;'ro+

;ectile Iu ff r. ,-.IV - ' ,.I ,N tra in , and t ft.-e would not I'e

e(:,. ., d to +iJ n i can 1 r:; , ra t tL .ev vIv -di,;tort -

mrik tirgu . it h t, . . on ' c -0 . -or pur-

('s A a l il ' t : tralt *,, . '.sin;aM - Amd the forces

,pp!i,. t, thc ;. t . rf ,, p! i t 'I ciort I ,asonaiblC

to m. ir:o' t !,it i hf. tit o* ti l i 'i r : i d body. rhi:- approach

fvp: s - th det", I led fizt)mit13t ion vf t fi .tornal pi..ject i 1e

r-; ,t' U, tL-r(. i i I 'ow, ,n. a or( rapf' and eificient ca1c u-

, n r, ntrti. t t t gi. hcdV s o1ution covered

pti, tra t ion througip h ti e' i la' r iid into thu sahle, to a

tutil1 dc:'t" of 22 ff.



Antf pent. !rat n ot the clantn 'Ia, ixt, or

let arm'r V ni. rav It ital hi> carried uut for v. t-vc, or

t o a dtz tn ihnev into !ht 'ilI layer . fic i mnali

cell I i, in th, I"srget Oir Wl -w urI"t n bat I x I inch.

Aft, rx y. .tr ifig .h at v' in- n thu rte;Uag Jt- #x I c ra t on 1

rvii t  1a: SIA q hi It tt I pier'~-te tor thu balance

c - .11 :u, tn at i ng t niat i nra'-nt .au ri-,t hr we vrnt the

target -: auc Ow ii -t few tit N the font t, p essenti

ally determi~ne" tu ;itnetrat ion Qimitts. The maxaimum

stre.c , n tie 'tet 1 prolt I T lt n~urrtel near the no ,etip,

.4iz :wrxzwY VC, tbIf' 3.7 h r it. n the connect ang section

r u, ; t~ a~ tc *iam -t in which

L a ai rI~ i fl itulit I n t he fo()rLC h is t ory apied

t* r' *'rr4 1.
1 ;r~ttt 1dv.I a p pA ienf I:y to a 1mpI ifyvIng,

;-n Kr o- .ri!t i on- V~ht the Iant t nature_ of' the

ajt ?u no ad z I- ) figl Iavhstervt K' load-unload

hilivtpa inun"I 'v Thu il model. iN nithitiJ for alleviating

T apri,,e 1wa hif''u'J duting the rigid body' 'eiut ion.) Ac-

4p ate !il a e caIl Lit ion Pr rThe Jeformahle -body penutra-

Tin na wt ie"dn'n.'a the hvaskil:1 tv u: obtaining aun

a r ~~vo! vroitect it ; ' trait n ani p~rojectilet re-

AJi')tN.j W.avcr . th -,ia t unher~ t' and t imaC-CofsUI'in I fl a

to r,, ia I. A nt''t pa met ica I approuth a, To aia iv:e the penietra-

tiont iiyr ntri- a' Id projetile rt~ponN- a; .tt~aproblems.

f roma wi afiamy V *fbe p!-netratio a of it a a gid project ile,

the ,araelot ?ng on The paujectil tt;ft~e can) fi r t he

deteta itid. I !,I Voidiang can t Ken 'W u-~eJ as i bound-ary con-

dation foa' analy-i4 of the re:.ponse oif that elastic-plastic

projetile I tIr. !ii Appnr't b a beeni used ina Ref. S.

The rigid kAudy ;'enet rat ion -so!lutio t:.j rriced out for

110 n>~tL. Wiangth i tame, the pi '3ettile penetrated

4



trirou,,h lit t' of -oi I and about S, Er o f ha Ie. The nom-

ir ii cel I sizv in th., t .ii 4ut %a-, _' x .~in, he,. The aveage~

eceLlcr it ion1 wCL 1- abohut 390 g's in tie soili nd 44o g's

in t ht -it, I l. hlc Ji c cpancy betwvvyl decelerat iofl< in the

f;(. ! p t",e ieorri~ihI e - ody and t-itzd-hody periutra-

t onT 'L:;,I> . probhlhfv due to the coi.:-er :oning in the

ilatr~s ;, the force histo"v applied to the

pr t le ai I '>oc. t rted it, the rigid -'wdy solution, but it

wati: I t;' it h; c v r ' sliI'-tantiaI I> allI'eviated hy using
. ~ ~ ~ ~ ~ ~ g ! lI ;~~fan' rJ in the oil ahead of the

t. 1hi tvi'. tpw cl i ini ted vn,trtonou;. interac-

ti -111,cA'r r- * i on o'ct Cel Y ': ding nut and

ar 1"" 'tip trong!N hvste, tic target media,

i.r.lt r (,r nL" tO hi' taktn to r.i I st ~callv modelI

t -e unl1 i~2 ie. ai rel ading hehav ior.

!hc rigid-!,,oJy pectration snilut ion dcmonstratcs thia

fin i~t.- itfcrencev soi olut ions of deep penetrat ions ate
pos ilt, although thc o' for analyigtecmle n-

t rdton,f : a Itigh-veloc ity projeLtile into a soft earth tar-

,4(-t iK' i t; k, hi h.1:Lrtuna~tc ly, it i~s 'rot necessary

in-0% :vtI conipit~ce pcrtratiun in ordei to determine
criro ii.. .. :r c)nidt in in deep penct iat ions, the target.

rvc4p*n -' inii p ;er. trat ion pr'icvsses- gcne:all iv cnarge only

1 ' w ith Ir;, -c. i ng d' pr t h w it h i n a hniog, reou: gertlIog ic

laver. 'In~ler th : ir,:umstances, 4.he penctration dynamic

and tix* if ica I -rditi'rn, of t'.rce loaidi : on a projectile

c;. n teJtc~c iti1 re tsonA le accuracy by awtlyzing just

th.- ari ~cbdu. pcriod and the pe(riods- Where the

:'r*''tii rw i etttcrrg different geologic lavers. This

a pli ac. .i- htt:i ascd in Refertnice '



SLC~ I ITON I I

QRVI P1 1)IUsi:R I I'I Io

1 c ::, A.?; fs or th, p't irut at iori. Nolut ion- are suni-

W;f')jtv, tzic z tiolzn i nJta i I i n 1Fi gure 2. It

L 2 -1 so No iiv . ;d!ical >thtI! ht~mvi! an ugivail

V~ -tct Ion. 1h, pr tti Lc c vity contains a 293-l

kc! I il NOnor 6hi c cru convv 1r t outer shell

.1 rr iiLJ," 1h, t~ta %cign wt t)I lb, and the

40~u ": aU r itza 12 psi.

i. d unA od 'c a.lculat ion, thu steel pro-

"k 'a ut. . uatk lw~-~:prfvccty 1plastic mater-

1:15'.i.t pF.'pti it - 1 i -ted in Thi I . T he equat ion

of st U andJ 'It cv uti- of the model fur steel ire con-

ttndin %pli't: ix A.

Tocr tLi v I 4 od; ,alctzativ'n,*the rilv informaition

rcqz;rc I t araiwtvrlzv thw. proruc:tiv Iw as thle spccitica-

-t ion "I t *zur .snt'.r and the toital tw' ight.

Inu lx;;'I t AIci I k target site p:rof i Ic cons isted of a

In 211 !t W~ I iyur -1 ol over shale. Sue, of proper-

tv :-urve fur thi-v mvrica hcTc provided h.- Waterways Exper-

*irez~t 4t itii MK ) . ebve crzrven were fit by the hyster-

et 1 -tic tvll [05 ftfit ina3trial Inidel!; which are
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described in Appendix A. Figures 3 and 4 show show the
uniaxial strain load-unload paths provided by Wl-S,, to-
gether with the fits given by the models.

[he models are seen to follow the WES curve quite

well, with the exception of thu final'portion of unloading
in the ;tronglv hysteretic Layer 1. Figure S shows the
-hear failure surfaces. (The upper plot gives the low
prcs-ure region in detail.)

Table I summarizes the site media properties.

10



VOiW (Josuie'

I .~O - - Wes Rteprvsmntat ion-

0 . . 3.0 4.0

Vwrtical Strain * (Ln,;±neering)

Fiv'ur# 3. Uniaxia St rain LOad-Lflload Paths for Lavetr I (Svi 1)



-Wrs Representat ion

I lit Void Closure

a. 800'-

X

I.4

Vetia Stan c. (nineig

igue4 nailSri edUla ah o ae Sae



800 ----

400 ~

- 200 200 400 600 800

S1500 I

Laver 2

0 20 40

Pressure. kat

Figure ~.Shear raii1urv Stirlces for Layer 1 (Soil) :ind
?.vr2 (Shai h.)



SECTION III

COMPII1TAT IONAL METIIOD

3.1 lAVF-L CODlP

The NA \VL code was employed for these calculations.
WAV.-L is a two-dimensional code %hich solves the equations

of motion tor elastic-plastic bodies by means of a finite-

ditference Lagrangian-cell technique. The mathematical
formulation is basically the same as that described by

Wilkins. A sliding inttrface was used to allow penetra-

tion of the projectile thrr',gh the computational grid.

For these calculations, the prtjectile/target interface
*a- assumed to be frictionless. A lithostatic field in

the soil was generated by pre'scribing initially compressed

soil states.

.3.2 GRID DECOUPLiN;

The sliding interface formulation in WAVE-L includes

the capability for dynamically decoupling or unlocking the

grid points whCn a prescribed dtc.upling or failure criter-
ion is met. In a penetration problem, detoupling permits

the cells initially attached to the axis to flow around

the advancing nose shape, sliding along the interface. In

these calculations, decoupling occurred when either the

generalized plastic strain, ZP , in a cell adjacent to

the axis, or tht tensile stress, -o n normal to the axis

(slide line) exceeded t ritical values. Generalized plastic

strain is defined as

14



a nd i1 A1 Tle t I " oIf thIte cum u I tiv"e pIa-t " deornat ion an

el -.:ient tindcr,,' . J is .il av- 0 , aind thus

:nt It, It sN is~ tnY tv;,e Of plas;tic stra InI is

-X p'. it, T.':ed

ih , c: iti%.Il gencral i:ed plastic strain and tensile

-, v lu.- s u t o tr .,.;er I aind Liver w here:

-p nc
n c

.. . La I R7oiI 40 psi

Lavr 2 (shile) .013 12'1 .

,'uring i. -ve-io. Ity ,vn( ,rat ion, titC soi 1 towing arouti

the nose oten scparat: -. tron the projectile before reaching

the tangency point et tnte no e and cylindrical body. a.,

the.; ca Icu lIat ions, sep; rat ior o" a point could occtir when

the stres: normal tr. the projecti le was no longer comlrcssive;

i.e., an  '- . Whz n thi- criterion' is met, the point, is

moved as a free surfacc point and may subt(equently collide

with tht penetrator, n .hih case it again becomes attached

to the projectil(. (Clo: ing of the void would general!v he

expected during the final stagtes of deep penetration.)

3.3 COMP!7TATtON OF STR!-I t ACr!i% ON PROJECTILLI

The pro)ectile conttur is dcfincd by a series of

boundary point:, spaced along its periphery. (in an elastic-

plastic, or deformable projectile, these boundary points

are corners of the cells used to d,s.z ibe the projectile.)

Ihe projectil,, surface line constitutes a slide line.



-;tre'LNCN ire tr-an-intteJ icro-s t:. eslide line in accor-

a:c ii th I t ict i-i't rule. F-or roth of the present cal

+++trtt'++- the tirtace W3 a<sumvd to he frictmonle-s, so

oniv no+:,a i str#'-es heft. transmitted acrn the slide

lInt. I normilI >tress applied to etch surface segment

of the projectile iV determined is followr Referring to

the exadmple shown in the 'ketch below, the stre.ss compo-

'Irit' It: r directir nr"+' to t*+' pr<.;CC,:' !c 1tzface !;e

rn2: t - 3, are compted at the centroid a and h of the

trret cells Whic r .ftr n contact with the proiectile stir-

tav srgm'e. nt. in a Lagrangian code, 'stre-ses are cell-

ceirfred qtat it ies. I linea innterpolation, the stress

Slide lint between

projt'c~tilt' projectile and target

.LbA1e-tor of., I Target cells I and i1s urface+ lineb C7
segmt-nt 2-3 // a

kentrolds of cells

16



is Jetermined iat point L. which is the intersection of a-h

with the perperJcukr hixector of the projectile surface

segmnent 2-3. hayc Compnractt of stress at c ihich is nor-

mal to 2-3 t., then applied ill1 along. 2-3.

An ailtvrnattve meth-d wutjd be to apply to pro~iectile

SLIIf.IC tcv mnn .2 3 thce~ caiculated for CVli I over

segmcrit 2-Rt a nJ t h,. stre.,, for cell 11 ove'r segmvnt B-3.

Vimcthod bct-~oa~ rort, inac4:ur~itc, howevtr, whetn the tar-

get cell$ 1womtc -evtry istortvd.



'[qCTi oN I

IINI. t: illA Of [Il.A lit I'LAS1It: ( I)iI-ORMABLE) PROJLCTILE

In thiz -- lution, tt', pttllt rat ion processes in the

target :.t,,I aind tie rv!,,on-e of the projectile were simul-

tjli~ouiis aInLIL .: for t.flntirtal from impact until the

flt-C was fl~l'. , ut-tdad.

CRf I: PiS1(;\

Tho' cofputativ1nal grid for analyzing the elastic-

p:a ti c . or d orn.i 1,,-bodyv ponet rat ion is show n in Fiqure

u. ('lh- plot , i, .1 c :t'lote cross- sect ion of the axi

sv:it'ttric problev. rhe ac+tual grid contained only cells

o!! 'Inc ide of t1w ak i- .) Th) Pic nominal zone size of the

pro! 'ct iIv a ., inch in the. radial direction (i.e. , 8

cell- .itr,ls !h- sadtuts and 1.0 inch in the vertical di-

rection. Ili t),-- body of the projectile, the verti al zone

dimension was iradually :nre.ised to a maximLm of 1.7 in.

at the rear ti the projecLtile. There were about 300 cells

in the projectile.

In th- target mediti-t. uniform i x I in. cells were

ised out t,, it) in. rdin , and down to 20-in. depth. ?-'-

yond thi, regitn, the ridial and vertical cell dimensions

gradually incutcased in a 2% geometric series. The overall

grid extended to 2b-in. radius and 38-in. depth, using

about 91110 cells for the target. (Because of the high com-

pressibility and low wave velocity in soil Layer 1, the

presence of the houndariec wa-4 not felt by the projectile

.during the 0.8-msec duration of this calculation.)

18
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The -line runnyi along the penerator contour and

alon.- the ax is of the target was -pccif ied as a slide line.

\s'the penttratr tripingc- into the target, this dual line

definus the pcht 'rator soil intertace and allows slippage

and;'or -;eparat ion to occur.

The lattiot, point- along the axis were initially

coupled, and the i. ujcct ile ti p 'ind the corre)ponding soil

poitt ere lot k J tegther. 1 hu, before the soil point

-it thc ';ur face c' id ivn e )ut along the proj ectilc nose

-arficc, it hAd v)decouple Iy having the'associated soil

cell- fal accor : ig to the decoupling Criterion described

in -t ion Iii. aithernorc, |ace the point'; were initi-

:tlly !ocktd t10e:!10'r, the luiti 'l vtlocity of the soil

point Wm, *-:cqa.l t') the projccile velocity. Ihis produced

an un rtali sti'lv hi -h i nit ia st res near the impact

point. Wh tile tu high -tte.-s decayed rapidly and probhl

did net -ignificantI" v At Nt'ct the overall stlut ion, it k,,A

-ub~sequ.nt ly dcc idtd that it would be more rea li>tiv to

hive the nc' t and -+_11 point at the or igin initially de-

coupled and to a'sign.zero initial velocity to the soil

point. - Pis procedlire wa.. -ised in the rigid-body pcnetra-

ti,,n .itition described in Section V.

1.2 ILFORMABLL PRO+jECTIILi SnLJITION RESULTS

The deformable-projectile penetration solution was

carried out until the nose was completely buried, with the

ti , at about 20 inCheN dtpth. This took 0.837 msec. The

computational grid, particle velocity field, and principal

stress field at tKiN time ate sho n in Figures 7 to 9.

20
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In t le IJvran art1 ird tF:aguire ) the symbol "x" in

a cell Imxac that nateri.i! in 'tint tell fhas vXperienced

pla stIic fl ow or f. ilart at N-:lc t -mv dur ing: the NolI ti n1.

A tolanic of t!,. -tI ext endlin, outw~ird to abiout 3 pro ' ec-

t iIe ra. it t:i, 0i -ad ot the rnse ttp, about 1 radius has1

fasI ld. lhe uctti e'0 rc '0nt ha'i rid re 1% cia st ac ex -

cefit for ,It;. 1, p aN? it Je-torrnat ton - .-15tj in the

th in aaal:a r .t~i. it coillic t i it) the nose w it h thle body.

A -,(ret -- cf tht f :t Id plots AItained from thi s solu-

tt nit A , tht' I pro je! - sI t % entefred th >uai I i s vgiven irit Appen -

jit I '

Ific J%,nami. * tht ueri!ll prolect Ile are ,unnarj~ed

in itFigure- it, !? I.N1h. hi )w I '- hjstorre's of tfae

to tIl at a tu I, ;e I- i vi: tc ;r Iec e, ind resNulIt i ng

at t ragt dV ctv it otti All. iloi: it *and depth oif penetra-

I n Aftt-r athut _1 -,c, corfl' pondisng to o' intc hes of

poet ra t a'on , t t a Ct rag', tccelerat iont level had reached

towut S5 g*';. Jill It to! persisted until the end of the

Jout ton, t ic -patv Cie ftct that secpar at ion het hevr the

oIi an I ;,ro t ,t I It. -on ' !ac' lad niot oc t itar tillt Ii a 1bout i .

msec t wh th ii; si 4. t i; l, iat abouit 11 inches depth. IithI

m ndn i:t t tha t 1.1 f( t I o v~ ap Itt b d y thl. -oil to thle

first 6 inche- ortc n t tipl wet'c ot Pa i dom ina te aanpor-

tarict' t thle I~ ' til I ri'cs of the polm

'ift 1.- .. rgt u l a ' whiach ;ire ;tpp.ateunt in the

force and ecct'Ieat iion ~tru in Figuti Ilt are due to

tnreractioo-, betweer! tio- Iinit' nature ul' the computational

zoning ind thr -trot.. lv hr -tertitc charac tt r of the unload-

Ig miodel u.cd t'dtf t 'h flit .ar I -otv. This, problem

will be dacstIftrth'r ini ,tv'tion with the rigid-

-4
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11,xJv so lit 141 an 1 )t 'W t to VI .

F i iur I -ursar .i r t Ihe peak compres ive st resses

X'!,.tivfit:d i 1 t ic roij tt I It. learF i t suriace ( ol id

curv, I aid lIong it x i da-hed cu rv& e. The peak %a uses

arc prub,.I': o)-ttr dtated dev to tie numericafl l ! os:i Lit ton

in the oiria :t loa d i ), f t hto project ile, but tfhey --how

the locait ton ot cria sca Irt re%, regions in ti lt rojuct ile.

I he night 4t 't; s-t-v art: cpericncd in th" firt 4 inches

otf rifc Jio-v t ip and in t)a- thtin .anul|ar rtgion conne-.ting

te no-p %,ith ftli t()J. i tl atsveIy modest comprcss ive

t rc>e!-, i t t , t ii the waI I of the projcct i l .

e tt 1i- on I- t|ptr t ci, cd :)0'ar thc axis of the proLc -

til,; a - i -hown bh the v- ctor% having leftward compon-

n r t- in F ;gasrc 9.

IvI .nu i owh 'iino I , rss vs distatce

prof ic- Just ii-i de the proiject ale surfacr at 4S equence

')t time> after ipat :t, x..'. I +j',+a )/3 in the row of steel

c(II- along the pt riphery of the projectile. The progres-

sion of inlreasing ttres- along the pfojectile is seen. All

of the profile. after .1 ms c "how a sharp drop about' S in.

hajck f:--i the no'- ti p. At tatcir t imes, the meain nornal

-,tie-N ped ~ a~.l a thr- liat)r'o c')nnection huctween the nose

and bodY ntcaT 21) jilthest. F igure lb shows mean normal

stre- ~vs dai-tance 1aofiles along the projcctile axis. Ten-

sion occur- at the ILading stirface of the slug. The dvcel-

erating force on tht cyl indrical slug is being applied only

around its periphery. Tis produces tension in the unsup-

ported fiont .irtact

txe-, ;c vi.-ty and displacement histories were ob-

tained at several station,; in the soil and within the pro-

jectile. fhee are available to interested readers in un-

published form at W11;.'
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ST-TT

Depth of

2.5 Time Nose Tip
(iset) (in-)

4.264 6.33

I .411 9.84

.837 20.03

D lstance from nose* rip Axis

1.5 q protetti 2
, iL i '-Plot nean normLl stress

a31l in this row of ells

a.0 lud On Ita

- . 1 - - ;-- --w- .... - bdy (f1at} -------- t

0 10 20 1040

.,xial Distanrce from Nose Tip, in.

Figure 16. Mean %or'nal Stres. Profiles Along Projectile Axis
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In a deep penetration, the target material undergoes

large dictort;ons, while the projectile does not generally

und'cr1..o anv .in itf icant plat ic deft),rmat in . To anal, ze

the long t inLe proccs.es of deep project i 1,: peietra ion,

including the projectile r-c;pon,;c, with a cor ,lete elastic-

ptlastic code solution -ould require an imi'rractical amount

,t computer t ime. This situation can be alleviated h-
t reat in:.z the pr,) %:ctiIe a -; a rigid body, ,hile anal.-ing

the soil respinse and consequent forces on the proj ect i le

surface using the regular elast ic - p .t ic formulation of

the cd.. The rigid-body as urmption is .iu-tified so long

:t the proje~tile deformations -are not large enough to

significantly interact with the target response or pene-

tration dynamnic-.

Th'e advantage of this approach is seen in Zi;e folo!Wing

considerations. 'Computational time is determined by the

totalnnher of cells and by the numer of integration cyc-es

in a solution (i.e., thc total number of cell-cycles). The

number of cycles is proportional to the reciprocal of the time

step, whih in turn is set by the time it takes the fastest

wave (generally a dilatatin:l or -ound wave) to cross the

smallest cell dimension; % tmx " - By describing
ma c mmn

the projectil, as a rigid body, the computational time can

be reduced, since:

(i) Larger cells can he iie d (the sriall cells

required to re:olve details of the projectile re-

sponse are no longer needed)

33



2; Longer t 'me step- van le u:.ed (both hucau'e of

cth" ize r cells, * itd hcc,:aa.e of tie lower sound

sptt --umaa I a-- ,ciattd tuath soft earth mAter-

"aI -  t - con: rated to projectile materia.aIl

.-- o! t . 1 apptroac doc ; not prec lude analysis cf

ti interior ' of ,t the projcctil,. From the rigid-

h.d, ioin, trres, loading historic,s imposed on the pr;-

atct ,ic :if ct are detcrrrine,. This information can then

,o :- .d to "tr .;e" a deormable body anilysis of the stress

. r- Vm-v it, tip ptenctr:ator itself. This coupled tech-

;Yv ha fvu, s.. c--. l t . , 1 yed on another i"ro m.

'.1 0. A; ) I

ho2 c, iu t at :,,l ; ai foWr t he r i g id- body so-lutin i s

Von'i fti"a 1 . Iht ,:ntour of the penetrator peri-

p . r iv'-alt 'd w ;th a total of 33 latt ice points,

zpawAl., at in. intcrval . IMc computational grid :n the

t:ir.:t ;, dlivided anto two pranc ipal regions, as shown in

I agiare 1. !-r,,r the prreble', axi, of synaetrv out to a

rad it- - f- in., ani form zoning of 2 x 2- in. cells was

us,',. m, .ead 2Ai-tn. .adips., the ria! :one width was in-

cr,- ed in Ii mtp-. lht- grid txended to a radius of 7

In tn, -; o.itct region, the vertic al :one width A:

3,1 Ma ncrL.,1cd (ith- inrUrtasing depth) in i01 steps until

It retaA z a r"i x". iaa 'r . f 10 ':o. rhis design for the

ot? -v rt gio; con -cr'.vm; a imattion:I cel!, , without signi-

ftc in? It fL t ing thm -otit ion.

.a . ia t he def.rmahlu t ody case, the K-line running

alrC Ut? pe,'nitrator cieritt ;ar and along the axis of the tar-

-i t i' i . :\ 4-,t her AIide line was used along

34
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v~ti it'vi n'vo' it 1a11 t t ud i -.ttarlI Id SO ilI.) is CX-

t cnrd t !u 411 di A I h l'ijt I~ r; Y l Ill t hcn ur1111.t v of' cell I a

It)_ t.,t t fr4I. I i'', t '" t 1w .tir 'not' dfokn t o .7 f t 1j'-
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23 and 24 at early. timc: and at times after about msec

(depths below about 13 ftj.

In the region beteen about I and b.5 msec (about

2-12 ft depth) , regular, much more severe oscillations

at about o ktl: are .seen. lhese were apparently due to

synchronous , amp I it y ving interactions between the discrete

iiature of the grid, the strongly hysteretic nature of the

loaiding iinloading-reloading cycle in the material model,

and the gross distortions of the cells moving up the

side. of the projectile. The initial loading wave velo-

city iii the L.ver I modt ' s ibout E40 fps. Unlo.!ding

(and reloading alw:i.s occurred at a much higher v( locity;

i.e., of the crdr of 6000-700IP fps. The gross distortion

oi cells mov ing out and ;round the nose caused large load-

ing-unloa,ii:g oscillation, in the few cell>, which wt re

apply ing ignificant axial forces to the nose. The pres-

sure profiles in Figure 25 illustrate such oscillations.

I-or the reasons cited above, the Oscillations in the

solution hetween about I msec and 6.5 msec (2 ft and 12 ft

in depth) are greatl'y exagRerated and should be disregai-Jud.

Itowevt.r,, the average deceleration in this region ( 425 g's)

Ahould '-t ill be fairly realistic. And indeed it is seen in

Figure. 23 and 241 that the average deceleration level drops

only ahout lot (to about 390 g' s) when the sever, ,,;cilla-

tions go away with the introduction of the predeforn.ed, or

canted grid. Is thin dfra'p due to the grid geometry change

as ;uch, or to the el~miiation of exaggerated forces in

.the synchronous oscillations? Apparently the latter: the

grid canting was introduced in a very gradual fashion ahead

of the projectile, and it required only the very slight

43
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C h~inge i n g r i ieome r v w;i c h oc cu r i d in thti f ir st few

inch. - ie lou 12.2 ' t ( svv F~ igure 19~)) to vi I nattv t te

synchronus in? eract ion!s. As son as t he scvere o-,: i I

lat ion- it-re rt-Ju-.cA . t hc average dccel1 rat ion Ivec cI

I roppcd to 300 i, ' , h rc.ard thiV as the more acturate

L.Adicat ion ot tilt dv,-lurat ion Ivve in Liver 1.

1- ~2t~t. t)4 i c-rre~~ue Ir~.t ~IL~ av( ayr I fafter

int rodu t i on of thlt- predeto rmed gr id ) and in Lavy r 2', and

ii Iu-t ra tL' the >now)ther prof il t' whi ch he-c obta i ned.

[hei average 1,-,celcr~tiun increased ,to about 440 9'

in the Laver 2siI.I igurce- 27 and -'S Kio tilt %eloc it v

and iep t h h i .- tcr ri -s. (A .ons;tant dececcerat ion ot 3,JI0 g * s

WaS AS u1;ied he?%c.f t' 'u . I nd 12- f t dept L. I i gui e -'9

showh thti veloc:I ty vV de pth11. [nergy pairt i t ion ing hctween

the Pro i ect i Ic And target dur ing thv c .Lr -. , of th is s 6 lu.

t ion is Oiown 1 I- igur.v 3't).

Stress, % Loc itv o and d isplacement h is.tor ies khere

obta mned at , %. era 1 stat ions whi th in the target. mvd' a.

The -e are a-a lable to intecrested readers in unp-tib i-;hcd

form at M~.S;.
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J d pen. t I at Iu~ o a in cU c ( ITp: I rvd. I t should hiv
~. t LI: I 'Id U di ANI'VNT on Yi irg ha - u t in tile tauo

-*~ ~ k. hi LC .:o:n~n ia t It, tu a izvt in the dcfrn

a t C. W - k a.t I kz * , d J on

1'~ 11U I OM"Jf I 3Y - t h L d i t r a t i n hti < to r ic t. irom~
'r!: 0) 1 i'd. t 1j1 r I ,s IJ 11 d ' t i -;. th of-
I lat : o, t t. 1 ue r um t 1, i.. xc e- i Ivt dis~toirt ion of'

7n i~n. , W v rlLnu! rt-t or nou t, -. e tOe oscillai on,;
.r !Aro hi- i- iuun!i M o thie "-L I i :t "in- in the

jvm"ilvI-to,17 Ca-viqI about tkic that ofI thle rig id-body
i-!1: i I Wn 2un iit~i deifkIcrt-nhe in WARi

t*i'iI , ::tl . 1 i- C Ma t rstra.t ' TO ahOUt loo g' , in the
r,. &V ad czi4 * in, th~s can . a t tr iliitt-J to zoning.

4:ai V!: 1 N 't -.u " i is-.r tht nu -t. were h is. Il he
Is v -~ it % n it !t . de v z ih a! .h uh r t ii vld to
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re -.. l1r e . a I i ad i i I -! re- ,rai ent s i'rom
t,,- tWi -OlUt 1s'r1-

Ili. peu-i t:r yeIc It% t :me hi -t',r u-- from thfe t wt.
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- Rigid-hody. SoUist ion

Penetrat ion Jtpth = 20'

1.5I li attr Impact - .8 i7 risec

AO

02 46 8 10

Figturv 32. Com'pairi sor ,'t Rad ial G t&~~radilent at 20" Depth in
Soil fr '~imi formable-hod'. ;jnd Hiv'iJ-budv Solutions
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t'c , itI' a,- ,, t 1.

1,, t.i ,. th i I ret'p)Il ,v ther . Were fotr t i me
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CONVI 11 ONq ANDk')!JLDTIN

lite re -ult'- of thin qtuJv ptovide add itijonal informi-

r in ovith wtiLIIo 4' ca!uwte thc a o1V of fin atc-difoerence

codeC CII. H"twn I' hl virth ptetrat ion problems. The

K tt e-Attfruce:w'roa 11 l appt.irs to be t cry useful fo r

.t!'ivi, ofi ctttiti k'jots of the'se probilemis. It is un-

'aitthtlt'. or at Iva t aitefiictnt for others.

Sil'-ce-~ -f il pent t rao r de i1gil w W 1ll' generall1y experi-

Sn~e on. y claot w W~ orrat ions. (An except ion might be a

IV' :n.ith a >aci Ix; tal nv~ .e ect ton.) It is therefore,

H zo.'ahh and ti :c tent * to anti'; e pventation by treat-

inj tht prOw;t t~c i .a, rigi bod. Such analyses prov ide

j I xamni g t interact ions between projlectile

"Aa;r, haS Ii t irgi t med ia p ropert ics, and im-

;it~ t eltct;) , tthvrebb' providing analytical

gO arwc f )r dt oiing and evalIuat ing improved

pro ickt t h-I dc'- ign ) , and

0 tr'ixtthe exte-rnal load ing distribut ions

ont t he rj tie_ ft hereby prov'i ding bases

1r Aa:int tnre projectile response and in-

I hec tyv1 us of anal ;ses do) not require computer solu-.

tion> co Lmplete Ourpvwnetrat ion problems. They require

on!; th it the projui' Mh travel far enough in a given



target mcdiun to reach quasi-stcady-state conditions.

SICh 11.,1nalIyses hoiu Id thlere foure be' ;on f'ined t o t hu se p r -

t olUDs ol a pellet rat I or] eent Where the . ozid inig on the pro -

J ct i I c i s mo-st scv e r cor whr tht )e lo(ad i ig k a nge c.s i g -

nt i 4'i tI' (o~. d dur in g i n it IalI mpa ct a nd cv!b edne nt uof

tlL' IIJ-sC into the surfac . Li.'cr , and during paissagc be-

twecfl, d!tierent glg Clacer-)

Ih.vrc, arc a n1i1 cf oIf i!!iprlovemct WIIA( ih should he

mzidc in the, rigiLd bd raYi;technique. These include

effc c-t rzoin p it.-ue~ to correct grid d istort ion

in. thle t a r.-ot ned iUm? fledr thei penet rator -,ur face , anld the

m-ah e hnet di f ini mum :o n in g c r it eria t o cn su r rca so h-

lv ccuratc s niut in. Both of thcese ;t(-ps arc ht. ing

in-rI't dk L 1 in aI 3C:Urr'I'en tr og ram.

U'Il-. O t W iong C:omflput ing t ime,; required, it is

-0hahl .1 iI neffi I -,-!It to use ai fini e-J EfeLrctnce cod(. to

aillclY Cup]e e d --. penictrat ion pruhltrn- (i.e. ,from

Impat 'lilt il Lric 0 ro c t i IC C'.)me to 0 1 ct

PROJE(:7 I Li: kF SP iNS1

To na v ,_ t 1 r c s)uc oo euf thei p roj ct i I c a solIu t i on

n f thle ne n etra t i on mi. ve )Cperfcormed. i n w)Ii c h t he projcc t iIe

i > t Ict ed a> a d efo rina hIc- hodv ( suc h az t,:i s d one i n t h is

st lid,, .Foicv r , f I ti t c- t!i I Ierenic c s oIud i oiis Q f thlijs ty pe,

in w icii t hc1 prujecct I Ic do f oma t io un a-rid t he tajrget deform-

a t I on a rc t rca tevd t',r, areu t ime coa.-i rutin 4 duLe to t he

ma r keLd I v J1 i ffcrcntl cii;.ni ittr of thle projct ilIe and target

r res-;po nses. Good ;):i t ia rcs: I ut ion i s needed in the pro -

j~cti le in order to reso! c -;tructural deta iIs , and the

* __wave sp' eds in t vp ica I4 O)irject i Ic mater is arc- relatively
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ta~ i I i A't It -antcd, -I pre-JeloI rmed g I id. III trofngly

hyteetit nuJ w1, :i At table ca~xre nevds to he takun in

c~je A& myi I to kp , t h~e poro!, i t and t he unload ing be-

hat ri.r .r it :_ i,. ma~t -t iaIi m\ ting ~around a projecti It
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%taturial i-Udvi" for ti~c 'two ;ite 1.ivi. wehre Jtvvcl

ttirni'~heJ h'- hi lr\ SttI t iK Ce itC ideai Iv pla-t ic

InoduI'- U'- m'g :ir'afldt I kk ii-' I la-a~~c~tt d~ I low ru1L

X NiOr h Y -tV ct it c la -t i c - rI ct I vp t i c medel hI as

U I ' I- t C V ' f!

I 'ic !C' AfC ~ g A~ 6rui ei cn equat ion:

whc ,- - spc j % n t e mna o ne rg-

1' -) e L; r t

cI ULt ? on' osta n t

1.. hd 1.)ti, t-. t -ei td thio u I a hY stcYeet ic Fn bd e I

A 2 1. nijd iri f~d f ' k t it

Ijeld iu >~~t at u 1 t. t h p o itt of void closure,

II a i t t 'u dt;, JduCCLd I rou thfe Iload ing

Crv 'I I4 V(' t -IL t ira i m arIa ~t re'-s d i f f t-rnce v s
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load Min Gn unload
loadoa -7 !

whe B (j4 1 )dlh, I I

.5 . 2 5 e x p 7

Initial values of the bulk modulus, th,: shear modulus,
the co-nstrained modulus, Poisson's ratio, and the dilata-
tior.aI sound speed from the model are:

Bo = 4,237 psi Vo = .2S

Go  2,542 psi c o = S42.6 ft/sec

Mo = 7,62t psi

A.1.4 Unloading Model

In the hysteretic region, w<a c , a model giving a
fan of con.stant slope P-ti unloading paths wa; used
(slopes are a functton of max "

F F max + K(P.wmax )  1max<)Ac

* = Fc  U max_>YcC + IKc(W-Wc) m x>c

The unloading hulk modulus varied from a minimum of 100 ksi
to a maximum of 702.8 ksi. ('lhe niximum crresponds to the
hjil k mOdJIt tIii r ladir g at void closure.) The unloading bulk

69



roduii 1 an made .s tu t-n of the maximum compression,
mix * A constaent viIue for the unloading shear modulus

WA -a umed. 1Kc tr it ial Po isson's ratio for unloading
hd% the amc .> t or I adwg, , ; .25 , giving t;iaito| ad

V 11 ksi, In t.e far tof the above equations, -* is
maxthc hvdro tat ladirtg prt N sure c)orrvponding to bmax and

:t ! fn .t * o i ven v

mi lmax c

hc- ctmraota;tq, as determined from the given unload paths,

are:

x In Mb

ba-l ,: ib, X 10 Mh

for . unloading iq a numed to be reversible
i .e,, i; :f ei ,. th- livid path;.

:!ydrostatic tension is lirted by imposing a minimum

value et j)rewstirc: mi to p'i

A. Fa ilure surtace

A yild function Y Pi I as fit to the failure enve-
lope supplied, ahe;t Y P I'. at failure. The functions

dci ived are:

: 3.1473x1 " 
* .48Th41' + 2.771SxlOP 2  PO

-I)
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0 S o 3x o 910)

I'll2 i. J'1 ii n0 t2 (Pc t .3 I ( - g i

A. I. .

[t -ut t ?,c, sv ti i, ii t re, *di ftc(rence v s p e

at~c 3ld Ipr(-c l t - oi I vaict I 1 I t 1%iin Col. un iax ma I st ra~inl

I old- ull I lad ! 1,- p c,! L, i t h thlc modc] , a long tith the

t% ! cuiIvc o c. lwmi in 1-i guI v li thvic t t..\ t , m:id in I i g

a r AY - I ' i .L ~ c. A. Plot~ o th t it,1tigon i4-t

.aild hvdr'' ti t , f~ I ch :~ - s ( 1) ab ;i s h ouni in

A. .~LAY! R

:1w~ to tht Jifl t 1 i p :i t 1,1 t, '-t Fe:, (-1iV I lOlinc t , t h e

psu I * eu s. s r I T~ n d i r- uct 1 v 'rm the hvdro-

s t ;it, h a no rn11I, V L. n t r, 1 11 l oll

A.2.1~w id i nj~

The t~k I I'l% p c;1: 11 Ia inl. vxre duucvd 'o r the load ing

t t

7*1
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N

rC

!p a ;. * .b h 0<

tile Valus tit tite constant> are:

a 3. 7348x11 N tb KC .048263 NbC

b - 1.3'C10O nb K = .b89165 Mhb

C ,7- 7 xl') MU P S.7r, o4xlO Mb

- 5=2.050.3 gin'cm

p: ,= .iOiol S (128 lb/ft 3

The shear r'odulu,; for loading was specified to be con-

starnt at a valut of 20 ki.

lnitial v;ltlt- (,f the htll k modulus, the constrained

ndulu4, '>-i -on' ; rait), and the dilatational sound speed

from the n,.dc-I a re:

B = 3.18 k 0 = .3S9

00M- 102W.8 Vqi c 0 = 1,994 ft/sec

A. 2.Z Ili luad i ri Mod -1

in the hyteretic region, . , a model giving a fan

of cons-tant slope P unloading paths was used (slopes

arc' a funct iof 1iax

->



I' P *K t

in thi rvq'ion tThu uiiluading hu' K nkdduu-variv, from

a m~ 1 i iri. i f ut I -; i to a ra w. imun of 71)( k- , equal to t he

bu krid~~u~for Lin lid ig -at VO Id c 10U!rc A \cf~j~

VAi!~ ot O k Ika tis vd tor tile unI'lnoding fivar modultis.

K .~a fuc t r~ ~iflby:

I max max C

klre P "ohtai 'led "rori t he loading hy drosiat equja-

t ion, yvalualudi at T. he cunntant> , i.- determined

frun' the 4 ivcr tiit Iad path-, are:

K .013789 kMb

On, -niax 1 d in a -s timed t o here v er sihbIc

Hyd~rostat ic tens ion iq l imited by irto--ing a minimumn

valIi e of p rve: tr: - p S i

2 . ai i ! wre Su r fa.

A yivid tunctIO io.~(P) uan fit to the failure envelope

Su'-.:d "heiv f .3. I f alre I " The Amw .t ion,~

de r icd a



-8 lbx I:03I' - .

A Vxl ~4.$2b3xl1I P, P24 13lx 1

CAI 10 ~ 51'24311' P-.4131x11f

Hevre tht to itt !_or I %J P are Mb.

[1 t .tr'~svK - trair, stress-difference vs pre,-

sort, andI prc-.surt- vo I ume t r i c ->t ra in for un iaxial strain

tli- on I' ad )Jt1! coimputed with the model, along With the

~L-cu~c 1  icsliowr, in I igure I in tht: text, and in Figures

A i and I e t in . 1) ttI~t 1ix.

xi -CX U isA 4 nat jay- of state for i ron was employed.*

Xvnr oTr r31tv tr P.O ic-i I aind 4triength propet' ties, f or the

t -l. I lo ' t ii., pt~nnet ratoLNr here 'thlen aidded toc t he modelI.

I vi
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The f oIlI ow i g 1prope r t it c, wt- re. as s unid:

%ormn densiw~ty , 7 .84 grn/cm 1 489J lb/ft

Hul1k Mnodulus., K(I .(Ish %ib I 2.445x1( .-

,*hear rnOdulU'., .: .;3 %b 1 .204.xl 1'Psi)

vield strength, Y: A1i473 111,ISO,=u psi)

The shear mi~dulus ha asn'umcd to he constant . [hec1 bulIk
':~.d' a ivu -' hr ' ril ?~ t qijittoo N.4 ~ at2 cornvt tit iona I

V . v ti ir' ret t ai~; -; t ic by

hith th crIlit ion, Hec ten- lu . v' is lintited to a

P"t ih -pue-uru I wuVi t ran, i! ion) port ion of the pre-

vi, i-ly tulatei equat wfl it' tate of' it-on covers~ the

tr: , ' , i tc~r( t and i- i eri v:

Pit~u~- of' tf-i cuon.tarits a r c

WHO Mh~~ Nb18

II it

711~ .~ b



- 10

a! f'-i,,

-. 1



.F.u...

N

-~ 0

= - -

I
I.

1-

-'-I

I -~ - -

'I - 1~

*1

/ -~ *1
/

*1. -
/ - Cd -

.1 S
v-i

0

* 'f.

I-.

- *1~
I-

-Cd

I-

~ 1. 1 * I L~A~~j -



,l tI -,ur i i t,

lro-

100

- Il

fl, ~ ol -1 0 f

V, i-jr~e ric trai
L-ad:Jri~ladCure< fr Laer



ivdro- tat

'Volurrtr-i, Strain~

igivA n 21? n ro d 1.rid ing 1hvii t-at for- Iavcr I



F-

- -
- V 7

K

1~

1~

-z

-t

£
U,

_\ i~V

I

-4- -

'4

* 2

a



I lll IT

II

Void Closure

1 0'

0't 0 I)) t1(3 . 0 0, . 0

I I

".I I
..- / I

I I *I

i . / I I

I., I I_
I. I I

/I I

I) . ( I l l .t 0I(3 .(I(4 . fil5 . O (b

Volumetric Strain,.

llgire A-(i. Hydrostaitic l.o:id-(Jnload Curves for Layer 2

• .;



APPNEND)IX F

0! S ORFI~ON, 'u 1j )C fl, AND PkIN~CIPAI. SU ESS

l-IILDE.!' PO> '!t)2A11[-Hi' SO!ITION

A -ef ics of ield pl'ts of the t orpata-t ional grid,

part icl1e vt'ici t it', :anl prinrciapal strav - - w hi 1ch a 11us -

t rAt thu: pro -ivct ail arid -oil a e'pwiue dunring the dufur rtablu*

na it fl it prcpa-,J V. it:, art. w n'. raFir tiut' toel t-

it lith It ' rI Fi urc No. of Plot _)r. -

____________~~~~ o ii I ont'Ioct\ S II'-
1,- . e -2 0C t- t

3.F 128.1 1

RH-6 (Rezone,

3.210 14

3i. 26K ii- 8 119 11i- IvI

.81 411. o R 12 B1- 13 1-14

h>2 b3SS hIS In
lS.6 R 17

8 3> 71 1. . i1-A19 p -20

VIC et'locity vector faid jiluts shcw1 the direction and

r:aratud(e of the part icle' v4loc tv ;at each 1litt ice point

In t~~t t .rilIt stg gria I

Irn tiau ft4' elt'd pilot-, Tht- principal coaaponients Of
t~~"li t1* * f!



The mag~ni tude of the two pr inc ipal st re>-,es in the r-,.

.1lane atrc plot ted in- thL ir correspond ing principal direc,-

t ions. 1h;, thi -d pr imc ipal strces (in tile azimuthal di-

rect ion) i plottcd alIon4g thc l ine h -ect ing the other two

p rInc ipalI d irect i ,I,;. 'ettors, po int ing to the right are

c:opressivv, to t!1o icif, tensile. Ans cxamplc of how a

st r ts tvnsor is plotted is s;kctcheid below:

'lens ile :o- Compressive

Principal Stresses
~in r -z Plane

Cell Coneti-.
.- Pritcipal Stress

in -Direction

r



!I

[he first three tngures of the grid (B-1, B-4, and

3-5) show the initial entry of the penetratur into the top

4urface of the suil. A local rezont- is required, as shown

in f-igure H-(, i:hen toe -;urfacc grid point contacts the

pe tt trator sulrfacv (<cL F igure B-3).

In Figure B-7, tc stre. loading of the projectile

n1ose after ;" ptenetratioti is seen. Note the strong verti-

cal orientat ion of the. stre-ss vectors, due to the free sur-

face at the periphery.

Figire B-11 show another rezone which was performed

to rt orient the grid. A nrall portion of the distended

soil th,-t was tlying off was also removed at this time.

Figures B 1(1 aJd B-14 show a buildup of radial and

: oQ,) ten>iot1 al,-lng th.' iower end of the slug and a high

vertical comflprteSi'c >tre.-> in the thin section connecting

t11V o e and the slug.

the detachment of the soil from the penetrator and

hole forr:,tion *:ay le seert in Figures B-17 and B-18.

fl-
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APPENDIX C

DISTORTION, VELOCiTY, AND PRINCIPAL STRESS
HIELD PLOTS - RIGID-BODY SOLUTION

A series of field plots of the computational grid,

particle velocities, and principal stresses which illus-

trate the soil respo'nse during the rigid-hody solution

tiere prepared. These are shown for the following penetra-

.ion depth and times:

! Figure No. of Plo-t for:

Dep th Time D i stort ion
(tft) L(ree) I (Gr id) Veloc ity" Stress

.34 .17 -1 C- 2 C-3

.84 .42 C -4 C-S C-6

1.07 .84 C-7 C-8 C-9
5. '0 2. 52. C- 10 C-11 C-li

10.00 5.08 C- 13 C- 14 C- 15

15.00 7.69 C- 16 C-17 C- 18

16.92 8.70 C- 1 C-20 C-21

22.31 11.58 C-22 C-23 C-24

The plots of the grid also show which material is cur-

rently failing; i.e., is on the yield surface. This is de-

noted by cells containing an x' or + , with x indica-

ting a compressive pressure, P > 0 , and + indicating

hydrostatic tension, P < U.

The velocity vector field plots show the direction and

magnitude of the particle velocity at each !attice point in

105



the computing grid. For clarity in viewing the soilre-

sponse, the velocity vectors of the projectile are not

shown.

The plotting convention for the principal stress

field plots is the same as that used in the deformahle-body

solution (Appendix B).
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